Abstract-In this paper, we report a novel wavelength interrogation technique to measure the relative wavelength spacing between two individual resonances of a tilted fiber Bragg grating (TFBG) sensor applied as a refractometer. The TFBG refractometer is sensitive to the refractive index changes in its surrounding medium and reflects the perturbation on its transmission wavelength changes. The presented technique is based on an arrayed waveguide grating (AWG) with its spaceto-wavelength mapping capability. The spatial position of the input beam is controlled by a closed-loop piezoelectric motor. The absolute transmission wavelength of target resonance is obtained by introducing the actual spatial position of the input beam, provided by a position feedback encoder, to the precalibrated space-to-wavelength mapping relationship. Therefore, the wavelength spacing of the two target resonances is obtained as well as the measurement of refractive index. Initial results show that the proposed AWG-based wavelength interrogator has a multi-channel measurement capability and the potential to be packaged into a portable, light weight and cost-effective device.
INTRODUCTION
The measurement of refractive index, usually implemented with an instrument of refractometer, is of great importance in many areas, such as biomedical application, new drug development, food quality control, and industrial control process. Abbe refractometer is traditionally used for this purpose [1] . Though it has a high accuracy of 10 -5 in refractive index measurement, it does not meet the requirements in all the applications, which is restricted by the size, power requirements, and its use of a prism. Miniaturized size and capability of being applied in small areas (often immersion in liquids and gases of interest) are the two critical features required by the development of refractormeters. Fiber optic refractive index sensors have been developed to fulfill the purpose, including etched fiber Bragg grating (FBG) sensor [2] , long period fiber grating (LPG) sensor [3] and tilted fiber Bragg grating (TFBG) sensor [4] . Etched fiber optic sensor has critical safety condition in the fabrication and is of low mechanical strength. LPG sensor is popular since it has a simple fabrication process. However, LPG sensor has limitations in (1) achieving high sensitivity over a large range of refractive index measurement and (2) minimizing errors induced by the cross sensitivity, such as from temperature and bending. Of these approaches, TFBG sensor has competitive features to overcome these limitations and recently attracts most attention used as a refractometer.
TFBG sensor is one kind of short-period grating with the grating planes slanted or blazed with respect to the fiber axis [5] . Due to the tilt of the grating, the coupling efficiency between the forward-propagating and backward-propagating light is significantly enhanced [6] . As a result, TFBG transmission spectrum has many resonances of discrete wavelengths below the Bragg resonance, corresponding to the light modes counter-propagating in the fiber cladding. Since these cladding modes have evanescent fields with tails beyond the cladding outer boundary into the surrounding medium, the effective indices are dependent on the surrounding medium. Therefore, the refractive index change in the surrounding medium has an impact on the effective refractive indices, which is further reflected in the transmission spectrum of a TFBG sensor. Comparing with LPG sensor, TFBG sensor is more compact and less sensitive to bending due to the exclusive effect on all the lower order cladding modes [7] . Furthermore, a single TFBG sensor can achieve the discrimination of refractive index and temperature. In the transmission spectrum of a TFBG sensor, the Bragg wavelength is insensitive to the surrounding medium since it is the core mode which dominates the Bragg wavelength and core mode is only dependent on the refractive index in the fiber core region. Moreover, both cladding mode and core mode are sensitive to temperature and the impact induced by temperature to these modes are nearly the same. Thus, by measuring the relative wavelength spacing between two resonances (usually one higher order cladding mode and the Bragg resonance), refractive index changes can be monitored disregarding the temperature changes [6] . However, one of the key field application challenges of TFBG sensors is the interrogation technique. Due to its multiple resonances and the requirement of real time monitoring, it is hard to develop an interrogation scheme with miniaturized size, high resolution, light weight and multi-channel measurement capability.
In the past few years, arrayed waveguide gratings (AWG), which is originally designed for wavelength division multiplexed (WDM) optical communication networks [8] , has shown a great potential for addressing this challenge. Sano et al. [9] describes a technique involving the ratio of the light intensities from two adjacent AWG channels. Based on this technique, several approaches [10] [11] [12] have been demonstrated to improve the interrogation performance. According to Sano et al. [9] analysis, the measurement range is dependent on the free space range (FSR) of the AWG and the measurement resolution is determined by the AWG channel transmission bandwidth and spacing. In this case, a compromise between the measurement range and the resolution is made by applying an AWG with fixed wavelengths. Since the measurement range does not rely on the FSR in a tunable AWG, this compromise could be addressed by applying a tunable AWG. Xiao et al. [13] and Guo et al. [14] [15] used a tunable AWG to implement the interrogation based on temperature controlling and mechanics controlling, respectively.
In this paper, we demonstrate the wavelength interrogation of a TFBG refractometer using our recently developed AWG based interrogator [15] . In the comparison with previously reported TFBG sensor interrogators, our proposed technique has features of (1) broad interrogation range, (2) high resolution, (3) multi-channel measurement capability, (4) fast speed, and (5) cost-effective solution.
II. PRINCIPLE
In this work presented here, our developed wavelength interrogator is described in detail in [15] . Basically, in an AWG, the space-to-wavelength mapping refers to the relationship between the input beam spatial position and the transmission wavelength of a designated AWG channel. As well documented in [8, 15] , the transmission wavelength of a designated AWG channel has a linear relationship with the input beam spatial position. The tunability is determined by the material and structure of the AWG. Fig. 1 shows the spectrum and wavelength shift of a designated AWG channel with respect to the input beam spatial position. By involving the space-to-wavelength mapping, the overall interrogation range is determined by the travel range of the input beam and the specific space-to-wavelength coefficient. In our experiment, the wavelength tunability is first measured with respect to the position of the input light beam. A spectral scanning of 4.78 nm is achieved by changing the input light position of 100µm. Thus, the coefficient is 47.8 pm/µm for this perticular AWG channel. According to the AWG principle [16] , all the AWG channel should have the same wavelength tunability. Therefore, the coefficient for all the AWG channel is defined as 47.8 pm/µm in this experiment. The total tavel range of the input beam has a maximum value of 1 mm, which makes the overall interrogation range up to 47.8 nm. However, only portion of this maximum value is enough for the measurement of refractive index using a TFBG sensor according to its sensing principle as described above.
In our design, the real-time position of the input beam is obtained by a position encoder which is integrated into a closed-loop piezoelectric motor. Therefore, the position can be accurately measured. By employing the calibrated space-towavelength mapping relationship, the wavelength can be achieved by subsituting the position into the linear relationship. Fig. 2 shows the experimental setup. A broadband source (BBS) is used as the light source. Its output light is amplified by an erbium-doped fiber amplifier (EDFA), and then directly sent to a TFBG sensor. The output fiber tail of the sensor is mounted on top of a closed-loop piezo motor, fixed and protected by a fiber sleeve. A positioning stage is used to achieve the pre-alignment between the fiber and the AWG.
III. EXPERIMENTAL RESULTS
When the piezo motor moves horizontally, it drives the fiber tail to scan along the input coupler of the AWG. The absolute position of the scanning fiber tail is provided by a position encoder embedded in the piezo motor. With the real-time position feedback, an actuator signal is properly set to drive the piezo motor to move a specific step. This is regarded as the closed-loop (servo) control. Since the transmission wavelength of an AWG is temperature dependent, the AWG needs a temperature compensation device for accurate measurement. In our experimental setup, a thermal electrical cooler (TEC) is attached to the base of the AWG for this purpose. The output light power of the AWG is detected by a PD array and amplified by an operational amplifier (AMP). All the controls, data acquisition and processing are implemented by a Labview program. The transmission spectrum of a TFBG sensor obtained by our developed interrogator is shown in Fig. 3 . The TFBG sensor used in this paper is written in a hydrogen-loaded Corning SMF-28 optical fiber using a pulsed KrF excimer laser. The tilted angle of the grating planes is achieved by rotating the phase mask of 6º with respect to the optical fiber with a rotation stage. As described above, a relative wavelength spacing is measured to reflect the refractive index changes. In our experiment, both the Bragg resonance (1551.506 nm) and a cladding mode resonance (1536.008 nm) are selected. Higher order cladding mode resonances are located further away from the Bragg resonance. Since these modes are more sensitive to the refractive index of the surrounding medium, they are of great interests in measuring the refractive index. However, it is also facing a challenge of the wavelength interrogation. The wavelength spacing is 15.498 nm measured when the TFBG sensor is present in the air.
For refractive index measurement, water-sugar solutions with different weight concentrations are used to provide a wide range of refractive indices. The weight concentration starts from 10% to 40% with steps of 5%. The refractive indices are measured using an Abbe refractometer. The results show that the refractive indices vary from 1.35 to 1.40 with steps of 0.0083, corresponding to the weight concentration varying from 10% to 40% with steps of 5%. The TFBG sensor is immersed in the solutions and transmission wavelength of target resonances are obtained with the principle described in detail in [15] . The corresponding wavelength spacing is then obtained and shown in Fig. 4 .
Wavelength spacing (nm) Fig. 4 . Experimental wavelength spacing measured by the proposed interrogator between the cladding mode resonance and the Bragg resonance as a function of the refractive index of water-sugar solutions. Fig. 4 shows the measured wavelength spacing with our proposed and developed interrogator. Comparing this result with the one measured by an OSA, the deviations are within ± 0.01 nm. Therefore, agreement has been achieved between the results measured by our interrogator and an OSA, and our interrogator is approved to have the capability to measure the transmission wavelengths of a TFBG sensor, which is then used for refractive index measurement purpose.
Initial results show that (1) the interrogation range is determined by the wavelength tunability, which has a maximum value of 47.8 nm in our design with this particular AWG, given that the travel range of the piezo motor is 1 mm and the space-to-wavelength mapping coefficient is 47.8 pm/µm. This range is broad enough for most TFBG sensor applications; (2) the spectrum resolution is determined by the spatial tuning step of the closed-loop piezo motor, which is 4.78 nm in this experiment by setting the spatial tuning step of 0.1 µm. Higher resolution could be reached by a smaller spatial tuning step; (3) the multi-channel measurement capability is determined by the characteristics of the AWG. All the AWG channels have the same wavelength tunability. If each AWG channel is used for monitoring a single TFBG sensor, a total of 32 TFBG sensors could be simultaneously monitored in our present design with this perticular AWG; (4) the interrogation speed is determined by the travel speed of the piezo motor. The present piezo motor has a maximum speed of 500 mm/s, which makes the interogation speed up to 1 kHz; (5) Since a commercial standard AWG is used in this experiment, there is no need to design and fabricate an AWG chip with new structures, which significantly decreases the total cost.
IV. CONCLUSION We have successfully achieved the wavelength interrogation of a TFBG sensor in the refractive index measurement with our proposed and developed interrogator based on an AWG. By using a closed-loop control mechanism, the input beam position was obtained. The spaceto-wavelength mapping was tested and used to convert the positions into the transmission wavelength of target resonances in the TFBG transmission spectrum. Since each AWG channel was capable to monitor one TFBG sensor in our design, a multichannel measurement capability could be achieved by using multiple AWG output channels. Besides that our interrogator had a potential to reach advanced performance, another important advantage of our AWG-based interrogator was cost-effective, since the AWG used in our design was a standard commercial product, which implied obvious cost effects. Furthermore, our interrogator was miniaturized in size and light in weight, which could be packaged into a palm-size device.
